Analyzing the schizophrenia connectome can identify illness-related alterations in connectivity across the brain. An important question that remains unanswered is whether connectivity alterations are already evident at the onset of illness, before treatment with antipsychotic medication and possible influences of neuroprogressive or secondary alterations related to chronic illness duration. In the present study, diffusion tensor imaging and deterministic fiber tractography were performed with 137 antipsychotic-naive first-episode schizophrenia patients and 113 matched healthy controls. Using graph theoretic analysis, groups were compared in global and regional measurements and modularity of white matter connectivity. Compared with controls, the patients showed significantly decreased total connection strength. Furthermore, patients demonstrated significantly decreased connections within and between brain modules. Several local brain regions within association cortex exhibited reduced nodal centralities and abnormal participant coefficient or intra-module degree, some of which were correlated with illness duration and overall functional disability. In never-treated schizophrenia patients, networks showed a less effective organizational pattern of white matter pathways. White matter disconnectivity occurred not only within but also between multiple modules, shedding light on the deficits of anatomical network organization early in the course of schizophrenia.
Introduction
Schizophrenia is increasingly being conceptualized as a disorder that results from altered interactions between brain regions that cause psychotic symptoms and abnormal cognitive and emotional function. 1 This model has been supported by structural and functional psychoradiology findings. [2] [3] [4] However, there have been conflicting reports in the localization of white matter alterations across previous studies, which may result from small samples, variable illness duration and antipsychotic and other drug treatment history. [5] [6] [7] [8] [9] Another potential reason for inconsistent findings in diffusion tensor imaging (DTI) studies of white matter pathways is that widespread and subtle pathology across the brain might be imperfectly detected by traditional regional or voxel-based analysis.
In recent years, connectomics has been developed as an analytic strategy that considers the whole brain as a set of interconnected networks. 10 Analyzing the human connectome permits the calculation of connectivity parameters that can identify alterations that occur across the brain and illustrate the complete set of inter-regional interactions that comprise the brain's intricate anatomic networks. 11 Network analyses have shown that the human brain is organized into segregated modules, which represent subcomponents of the brain and facilitate the construction of a complex system. 12 Graph analysis of functional imaging data has shown reduced global efficiency and increased clustering coefficients in un-medicated schizophrenia patients, 13 and lower connectivity strength, reduced clustering, and longer path length 14 suggesting less optimal functional networks, and increased 15 or unchanged 14 global efficiency in medicated patients. Previous studies of white matter networks in schizophrenia have yielded inconsistent findings including elevated clustering 16 and reduced global efficiency. 17 Furthermore, modularity findings have led to the proposal that abnormal modularity contributes to the breakdown of mechanisms for information processing in functional brain networks in schizophrenia. 18 The nature of structural connectome and modularity alterations early in the course of illness before potential drug, neuroprogressive and other secondary factors that can influence brain networks over the course of illness has not yet been systematically examined. Analysis of white matter pathways using connectomic approaches in never treated first episode patients may provide important insights into the alterations of brain structural networks in schizophrenia. Therefore, the present study recruited a large sample of antipsychotic-naive first-episode schizophrenia patients, and sought to identify changes of structural networks using DTI and graph theoretic analysis. We hypothesized that: (1) patients would show abnormalities of global and regional topological measurements and modularity of white matter connectivity networks; (2) the identified topological alterations would be related to clinical features of schizophrenia.
Methods

Subjects
A total of 137 drug-naive first-episode schizophrenia patients (55 males and 82 females; mean age [±SD], 24.1 y ± 7.6, range, 16-46 y ; mean education 12.5 y ± 3.1, range 3-20 y; mean duration of illness, 7.4 mo ± 8.6, range 0.03-36 mo) were recruited. The diagnosis of schizophrenia was made using the Structured Clinical Interview for DSM-IV Axis I Disorders (SCID), and symptom severity was assessed using the Positive and Negative Syndrome Scale (PANSS) and the Global Assessment Function (GAF) scale (table 1). Duration of untreated illness was  evaluated by the Nottingham Onset Schedule  19 (with  information provided by patients, guardians and family  members) , which was defined as the time period from the onset of first psychotic symptom to the date of research assessment. No one in the patients group was receiving treatment with antipsychotics and any other psychiatric drugs at the time of MRI scanning. The study was approved by the local research ethics committee. Written informed consent was obtained from all participants, and for minors, parents also provided written informed consent.
A total of 133 healthy controls were recruited (66 males and 67 females; mean age, 26.5 y ± 9.1, range, 16-50 y; mean education, 12.9 y ± 3.2, range 2-24 y). They were evaluated using the SCID Non-Patient version to rule out current or past psychiatric illness. Also, none had a known history of psychiatric illness in first-degree relatives. Exclusion criteria for both groups included the following: left handed, any neurological disorder, neurosurgery, current or past substance abuse or dependence, pregnancy, significant systemic illness and MR contraindications including cardiac pacemakers and other metallic implants. Diagnostic quality MR images were inspected by 2 experienced neuroradiologists to exclude subjects with gross abnormalities. Schizophrenia patients and healthy controls did not differ with respect to age (P = .092), gender (P = .117), years of education (P = .304) or handedness (all right handed) (table 1).
Data Acquisition
All subjects were scanned using a 3-T magnetic resonance imaging system (EXCITE; General Electric). In this study, we used 2 DTI scanning protocols, which we refer to as MR1 (56 patients and 86 controls) and MR2 (81 patients and 47 controls) (supplementary table S1). The 2 similar sequences differ only in that the second MR There were no significant differences in age or sex in either participant group across the 2 MRI protocols (supplementary table S1). Furthermore, comparison of patients and controls examined with the 2 DTI protocols showed no significant differences in primary graph characteristics (total connection strength and characteristic shortest path length) (details in supplementary materials) (supplementary figure S1 ). Hence, data from MR1 and MR2 scanning protocols were pooled as planned for statistical analysis. To further ensure that scan sequence variation would not confound group comparisons, we included scan sequence as a covariate in all statistical analyses.
Data Preprocessing and Network Construction
With the quality control procedures for DTI data, patient and control samples did not differ in head motion during scans (see supplementary materials). For each subject, the eddy-current induced distortion and headmotion of diffusion weighted images were corrected by registering them to the b 0 image with an affine transformation using the PANDA 20 pipeline tool and FMRIB Software Library (FSL, http://www.fmrib.ox.ac.uk/fsl). Deterministic fiber tractography proceeded until either it turned an angle greater than 45° or the fractional anisotropy (FA) was less than 0.2 21 using the Fiber Assignment by Continuous Tracking algorithm. 22 We used the atlas of Automated Anatomical Labeling 23 to parcellate the gray matter into 90 non-cerebellar anatomical regions of interest. In native diffusion space, 2 regions were considered structurally connected if at least 1 fiber bundle with 2 endpoints was located in the 2 regions. 24 We calculated the FA values between the end-nodes as its weight and obtained a weighted symmetrical anatomical 90 × 90 matrix for each subject. Details are provided in supplementary materials.
Network Analysis
Threshold Selection. We defined a network cost threshold for which each graph had the same number of edges. Consistent with previous studies, 25, 26 we selected a range of cost thresholds for the white matter connectivity network based on the following criteria: (1) the averaged degree (the degree of a node is the number of connections linked to the node) over all nodes of each thresholded network was larger than 2 × log(90) 27 ; and (2) the small-worldness of the thresholded networks was larger than 1.1 for all participants. 25 Based on these criteria, we defined thresholds ranging from 0.1 to 0.19 (with an interval of 0.01).
Network Metrics. Graph theoretical analyses were carried out on white matter connectivity networks using the Brain Connectivity Toolbox (http://www.brain-connectivity-toolbox.net). 28 The overall clustering coefficient (C net ) is a measure of the local interconnectivity of the network, and the characteristic shortest path length (L net ) quantifies the ability for information propagation in the network. To estimate small-world properties, we compared the C net and L net of the brain network with those of random networks (C random and L random ). A small-world network has a similar shortest path length, but higher clustering coefficient than a random network, ie, normalized clustering coefficient (gamma, γ) = C net /C random > 1, normalized shortest path length (lambda, λ) = L net /L random ≈ 1, and the small-worldness scalar (sigma, σ) = γ/λ will be larger than 1 in the case of small-world organization. The regional characteristics included the nodal degree (S i ), the nodal efficiency (E i ) and the nodal clustering coefficient (C i ) (details in the supplementary materials). The area under the curve (AUC) for each network metric was calculated to provide an overall value for the topological characterization of brain networks independent of any specific cost threshold. 25 Modular Architecture. We computed a modularity measure (Newman's measure of modularity Q) 29 to evaluate the degree to which the brain connectivity network is subdivided into specific modules. 30 A module in the network can be defined as a subdivision that has more connections within the module than outside the module. 31 Using all the participants as the modular segment distribution, we calculated the mean within and between module connectivity, participation coefficient (PC) and intra-module degree (MD) to measure the regional role of each node in the modular architecture (details in supplementary materials).
Statistical Analysis
We found high correlations among total connection strength (S net ) of the network, C net , and L net (supplementary table S2), indicating possible redundancy of information provided by these parameters. To address the issue of redundancy, we retained the γ, λ and σ parameters, because those 3 measures are indispensable to measure whether a network has a small-world organization or not, and kept S net in the primary analysis, which can measure the total connection strength of a network and is independent from γ, λ, and σ (supplementary table  S2) , as previous studies have demonstrated. 24 Therefore, we restricted primary analyses to parameters γ, λ, σ, and S net . For a full presentation of the data, we performed the secondary analysis to compare the C net and L net between groups, which are used to calculate γ and λ.
We used a nonparametric permutation approach (1000 iterations) 32 to test for group differences in the AUC of each network metric (γ, λ, σ, and S net ), modularity (Q) and modular characteristics (within and between module connectivity) with Bonferroni correction for multiple comparisons. We also compared the nodal properties (S i , E i , and C i ) of the whole brain network, and the PC and MD of each node in the modular architecture between patients and controls using permutation tests. Statistical significance was corrected for multiple comparisons using Bonferroni correction for S i , E i , and C i (P < .05/90) and false-positive adjustment for PC and MD (P < 1/90), 15, 33 respectively. Exploratory 2-tailed Pearson's correlation analyses were conducted between clinical variables (PANSS and GAF), duration of illness and all altered topological characteristics in the patient group. Age, gender, and years of education were treated as covariates in all analyses.
Results
Overall Network Topology
Both schizophrenia patients and healthy controls showed a small-world organization of white matter networks expressed by a σ > 1 (mean of AUC: patients, 1.89 ± 0.17; controls, 1.88 ± 0.15) with a γ > 1 (mean of AUC: patients, 1.81 ± 0.17; controls: 1.81 ± 0.16) and λ ≈ 1 (mean of AUC: patients, 0.96 ± 0.02; controls, 0.99 ± 0.16). These overall organization characteristics of structural networks did not differ between patients and controls (for σ, P = .35; for γ, P = .36; and for λ, P = .37) ( figure 1A) , suggesting an intact overall organization of white matter networks in schizophrenia consistent with previous studies. 32 However, with Bonferroni correction (P < .05/4), patients showed significantly decreased S net (P = .0008) compared with controls ( figure 1A) . For a full presentation of the data, we also performed the secondary analysis to compare the C net and L net between groups using permutation test, and found decreased C net (P = .0034) and increased L net (P = .0038) in patients relative to controls (figure 1A). 
Altered White Matter Connectivity in Schizophrenia
Nodal Characteristics
With Bonferroni correction (P < .05/90), decreased C i in schizophrenia patients was found in the right orbitofrontal cortex (OFC) inferior to the superior frontal gyrus, bilateral hippocampus, right putamen, left superior temporal gyrus, and temporal pole of the right superior temporal gyrus. Decreased E i in patients was found in the bilateral OFC inferior to middle frontal gyrus (MFG), the orbital part of the left inferior frontal gyrus (IFG), left amygdala and postcentral gyrus, bilateral superior parietal lobule (SPL), right supramarginal gyrus and left angular gyrus. Decreased S i in patients was found in the OFC inferior to the right MFG, the orbital part of bilateral IFG, left rolandic operculum, bilateral amygdala and SPL, and pole of right middle temporal gyrus (table 2A and figure 1B) . The C i of left superior temporal gyrus (r = −.195, P = .022) and S i of left rolandic operculum (r = −.176, P = .04) were both negatively correlated with illness duration ( figure 1C ).
Modular Organizations
The modularity quotient Q monotonically decreased as a function of increasing white matter connectivity cost (figure 1A), consistent with previous findings, 34 the AUC of which did not differ between patients and controls. Derived from all participants, identified modules included a left fronto-striato-tempo-parietal network (module I); right ventral orbitofrontal-temporal network (module II); bilateral medial frontal network (module III); right dorsal fronto-striato-parietal network related to attention and spatial functions (module IV); bilateral visual cortex and posterior components of the default-mode network (DMN; module V); and bilateral sensory-motor figure 2A ).
Within and Between Module Connectivity
Relative to controls, schizophrenia patients demonstrated decreased within module connectivity for modules I (P = .0004), II (P = .0027), III (P = .0046) and IV (P = .0034) ( figure 2B ). There were no significant differences in the within module connectivity for modules V (P = .1720) and VI (P = .1763) between patients and controls. Decreased between-module connections relative to control subjects were found in schizophrenia patients, including modules I-III (P = .0158), I-V (P = .0096), II-III (P = .0011), II-IV (P = .0005), II-V (P = .0147), II-VI (P = .011), III-IV (P = .0262), III-VI (P = .0009) and V-VI (P = .0002) ( figure 2C ). However, only 5 differences between the 2 groups survived Bonferroni correction (P < .05/21), with patients showing decreased within module connectivity in modules I, and decreased between-module connections, including modules II-III, II-IV, III-VI, and V-VI.
Nodal Alterations in Modules
We then explored the nodal alterations of the within and between module networks. With false-positive adjustment (P < 1/90), the MD of left middle frontal gyrus, right calcarine fissure and surrounding cortex, right caudate nucleus, and right inferior temporal gyrus were increased, and the MD of left cuneus was decreased in schizophrenia patients relative to controls. The PC of right precentral gyrus, left middle occipital gyrus, and left caudate nucleus were increased, and the PC of right middle frontal gyrus and right cuneus were decreased in patients relative to controls (table 2B and figure 2D ). The MD of the right calcarine fissure and surrounding cortex was negatively correlated with the GAF scores of patients (r = −.217, P = .011) ( figure 2E ).
Discussion
Findings from the present study provide insights into the altered topological organization of white matter networks in schizophrenia. There were several specific new findings from this study. First, schizophrenia patients exhibited decreased total connection strength, indicating a reduced capacity for efficient information processing in white matter networks. Second, schizophrenia patients demonstrated decreased within and between module connectivity, especially within and between the bilateral medial frontal module and the right ventral orbitofrontal-temporal module, which may contribute to the diverse alterations of cognitive, affective and behavioral functions in schizophrenia. Third, multiple local brain regions within fronto-temporo-parietal circuitry exhibited reduced nodal centralities and abnormal participant coefficient or intra-module degree, some of which were correlated with illness duration and overall functional disability of the patients. This pattern of findings suggests a decreased hub role of OFC, superior temporal gyrus and parietal regions in the brain networks of schizophrenia patients. Lower total connection strength indicated a decreased ability for parallel information transmission across distributed brain regions, indicating a nonoptimal topological organization with the dysfunctional integration of impaired white matter networks. This observation supports the model of schizophrenia as a dysconnectivity syndrome. Although the neurobiological causes of network alterations of topological properties in schizophrenia is unclear, we speculate that it is relevant to the widely reported abnormal FA of white matter in schizophrenia. 2 Genetic studies have shown associations with global reductions in white matter integrity, suggesting an integral role for abnormal FA in the etiology of schizophrenia. 35 Previous studies have reported reduced FA in the cingulum bundle tracts, interhemispheric fibers, and the inferior fronto-occipital fasciculus. 36 The present FA-weighted white matter networks revealed decreases in the global connectivity profile, suggesting a wide-ranging reduction of the FA of white matter tracts. Since the FA could primarily reflect the myelin integrity, 37 this suggests a clinically relevant alteration in myelination of widespread tracts early in the course of schizophrenia. 38 In order to explore which modularity alterations contributed to the global reductions in white matter integrity, we conducted a modularity analysis. Modules are parts of a network with many connections within them and fewer connections to other brain regions. 12 Schizophrenia patients showed reduced within module connectivity mainly in the left hemisphere (module I in the present study). Previous DTI studies found lower FA of left-hemisphere white matter in first-episode schizophrenia. 39, 40 Results from the present study replicate and extend reports of decreased connectivity within left hemisphere networks in schizophrenia. This complements previous findings indicating a significant reduction of leftward asymmetry in some key white-matter tracts in schizophrenia, and that attenuated left lateralization is related to greater positive symptoms. 41 In addition to analyses of within module pathways, we also characterized between module connectivity and found robust attenuation of between-module connectivity between right hemisphere modules and between the DMN and the sensory-motor areas. Previous studies have found that the functional connectivity of the temporo-parietal network was reduced and associated with auditory hallucinations in schizophrenia, 42 as was functional connectivity of the fronto-temporal network, 2 and between the DMN and cognitive networks. 43 Structural connectivity via white matter fiber tracts provides an anatomical substrate for precise inter-regional synchronization dynamics that are fundamentally important in higher brain functions. Models of developmental miswiring relevant to between-module connectivity have been proposed in schizophrenia, though the developmental ontogeny of such alterations in at-risk populations are needed to test this hypothesis. 44 We also explored the role of individual nodes in white matter connectivity. Decreases in nodal centralities among schizophrenia patients were mainly found in the OFC, temporal pole, superior temporal gyrus and adjacent rolandic operculum, and superior and inferior parietal lobules. The decreased nodal centralities of orbitofrontal and parietal areas might contribute to the total connection strength loss observed in patients. Further, since a reduction of gray matter volume and altered neural activity have been reported in the temporal lobe, 1 our data indicating aberrant nodal centralities of superior temporal gyrus and adjacent rolandic operculum suggest a reduced capacity for the efficient integration of speech production with auditory processing, an alteration that might be relevant for auditory hallucinations. 45, 46 Our observation that nodal centralities of the superior temporal gyrus and rolandic operculum were negatively related to the duration of schizophrenia suggests that this impairment may progress over the early course of illness.
In modularity analyses, the PC value is close to 1 if the node is extensively linked to all other modules and 0 if it is linked exclusively to other nodes in its own module, and a high value of MD of a node indicates strong withinmodule connectivity. 47 We found decreased PC in right middle frontal gyrus and cuneus in patients, which might be related to the reduced inter-connectivity between module IV, V, and other modules, and to visual working memory deficits. 48 We also observed increased PC and MD in nodes of the fronto-striato-temporo-occipital network, suggesting a potential compensatory process associated with attenuated module organization in schizophrenia. However, this result should be interpreted with caution, since there was a negative correlation between the MD of the right calcarine fissure and surrounding cortex and patients' GAF scores.
Our study has limitations that need to be considered. First, given that we acquired a limited number of diffusion directions starting acquisition long before newer diffusion-weighted schemes (eg, Q-ball and diffusion spectrum imaging) were available for more accurate fiber tractography, future research might refine our conclusions. Second, as there is no widely agreed-upon approach for calculating network metrics, and we used the mean FA values of the fibers as the weighting factor in the construction of the graphs. Other measures such as the number of fibers or mean diffusivity could also be considered as weighting factors. Third, we applied a range of thresholds on the correlation matrices so that each graph would have the same number of edges under investigation, which can limit direct comparison to previous studies. 17, 32, 49 In conclusion, using DTI and graph theoretical analysis, we provided evidence for a reduction in small-world brain network properties of schizophrenia patients at the onset of illness. Alterations in white matter connectivity occurred not only within but also between multiple brain modules, which may be relevant to understanding mechanisms of the complex cognitive, affective and sensorimotor alterations associated with schizophrenia. Further, findings from the present investigation of the whole brain connectome indicate that the diverse functional network alterations previously demonstrated in schizophrenia 3, 50 likely have a basis in the anatomic connectivity of nodes. These observations are consistent with the idea that widespread neocortical alterations are involved in illness pathogenesis, and that this widespread pattern of abnormalities is evident in white matter tracts at the onset of illness. Additionally, the present study adds to the developing psychoradiology (https://radiopaedia.org/articles/ psychoradiology), a new field of radiology, which seems primed to play a major clinical role in guiding diagnostic and treatment planning decisions in patients with psychiatric disorders. 51, 52 Further research is needed to evaluate dynamic brain changes over the course of treatment, and the neurophysiological and neurocognitive correlates of white matter network alterations in patients with schizophrenia.
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